Abstract. During the Early to Middle Miocene, a complex interplay of climate variability, sea level change, and Alpine tectonics resulted in the development of a series of long-lived lakes in the Dinarides and Serbian regions. While recent dating studies improved understanding of the Dinaride Lake System (DLS) evolution, independent age constraints are still lacking for the Serbian Lake System (SLS). Here, we present the results of an integrated study combining biostratigraphy, magnetostratigraphy, and Ar weighted mean crystallization age of 14.40 Ȁ 0.01 Ma, we correlate the studied Lake Popovac succession to Chron C5ADn, with a maximum extent from 14.61-14.16 Ma. Cyclostratigraphic analysis based on magnetic susceptibility and natural gamma radiation field logs suggest insolation forcing of the succession with an upward decrease in sedimentation rate from 25 to 12 cm/kyr. While the majority of the DLS originated during the Miocene Climatic Optimum (MCO) at ~17 Ma and disappeared before ~15 Ma, the development of the SLS started around 14.5 Ma in the Langhian. Regionally overlying Serravallian marine sediments of the Central Paratethys imply that the Serbian Lake cycle must have ended before 13.8 Ma. Initiation of SLS deposition in the study area coincided with a peak of syn-rift extension in the Pannonian back-arc basin, which apparently also affected the Peri-Pannonian realm as far south as the study area in the Morava depression.
Introduction
During the Early to Middle Miocene large parts of Central Europe were covered by the Paratethys Sea that had phases of good and restricted connectivity to the Mediterranean. Paratethys diminished and expanded through time by a complex combination of climate variability, sea level change, and geodynamic processes of Alpine tectonics, for example uplift of the Alps and the Carpathians and subsidence of the Pannonian back-arc basin (e. g., Rögl 1998) . During the latest Early Miocene, the Central Paratethys sea mainly occupied the northwestern part of the Pannonian Basin in Slovenia, Austria, Slovakia and Hungary. In the early Middle Miocene this sea expanded to the southeastern Pannonian Basin in Croatia, Bosnia and Herzegovina and Serbia, to the Transylvanian Basin in Romania, and to the Carpathian foredeep (e. g., Kováč et al. 2003 , Harzhauser and Piller 2007 .
In the same time span a series of basins, filled with lacustrine deposits, developed in the Dinarides, northern Croatia and Serbia (Fig. 1 ). These dominantly intramontane basins were disconnected from both Mediterranean and Paratethys which gave rise to the development of regional bioprovinces with their own specific endemic faunal assemblages of mollusks and ostracods , Krstić et al. 2012 , Neubauer et al. 2015a ). The endemic fauna, together with the lack of magnetostratigraphic and radioisotopic dating, hampered a thorough understanding of the age and evolution of the Dinaride and Serbian basins.
Recently, multi-disciplinary research efforts combining biostratigraphy with magnetostratigraphy, chemostratigraphy (oxygen isotopes), and radioisotopic dating ( 40 Ar/ 39 Ar) resulted in a much better understanding of the Dinaride Lake System (DLS) , Jiménez-Moreno et al. 2008 , 2009 , de Leeuw et al.2010a , Harzhauser et al. 2012 ) and attributed southern Pannonian basin lakes . The studies showed that deposition in these environments occurred between ~18 and 13 Ma, suggesting that the climatic conditions of the Miocene Climate Optimum (~17-15 Ma) were favorable for lake formation , Neubauer et al. 2015 .
In contrast, scant age information is available for the Serbian Lake System (SLS), and consequently its evolution in time and space is poorly understood. Note that we introduce here SLS as a new term instead of Serbian Lake (e. g., Harzhauser and Mandic 2008 , Krstić et al. 2012 , Neubauer et al. 2015 , because we find it more realistic considering its intramontane tectonic setting. The lacustrine infill of the SLS is roughly estimated to be of latest Early Miocene to early Middle Miocene age, based on the correlation of mollusk data (Kosovia sp.), floral comparison and fossil mammals indicating MN4 and MN5 zones (Pantić 1956 , Stevanović et al. 1977 , Alaburić and Marković 2010 , Krstić et al. 2012 . In addition, the freshwater strata of the SLS in central Serbia are older than the partly overlying marine facies of the Middle Miocene (Badenian) transgression of the Central Paratethys. The onset of the marine transgression in the southwestern part of the Pannonian Basin was assigned to the calcareous nannoplankton zone NN5 (Ͻ 15.2 Ma) (Ćorić et al. 2009 ) and was dated bio-and magnetostratigraphically in the Ugljevik section at ~14.2 Ma (Pezelj et al. 2013 .
In this study, we aim to place the SLS into a more robust chronostratigraphic framework by integrating magnetostratigraphy, biostratigraphy, cyclostratigraphy and radioisotopic analyses on the sedimentary successions of the Miocene Lake Popovac in central Serbia (Fig. 1) . By dating the age of deposition we will be able to compare the paleoenvironmental and tectonic evolution of the SLS to other freshwater systems of the Peri-Pannonian region, like the DLS and the southern Pannonian Basin ).
Geological setting
The SLS was situated between the Dinarides and South Carpathians (Dimitrijević, 2001) and formed close to the Sava suture zone (Fig. 1b) . During the Cenozoic, various tectonic terranes thrusted and collided along this suture as the Adriatic plate approached the European plate. During the Oligocene and Miocene several granitoid and volcanic extrusions occurred (e. g., Tari et al. 1999 , Stojadinović et al. 2013 . When the Pannonian back-arc basin started to subside in Early -Middle Miocene, a new tectonic and sedimentological setting with extension in an overall compressive regime appeared (Marović et al. 2002) . This allowed the freshwater environments of the SLS to develop along a NNW-SSE stretching axis using the pre-existing fault structures roughly parallel to the Sava suture (Fig. 1) . Basin formation was dominated by asymmetric crustal extension along major strikeslip faults, and the formation of (half) grabens along detachments . The amount of subsidence and thermal activity decreased southwards.
SLS sediments are found in central Serbia along the Morava river up to the towns of Leskovac in the south and Čačak in the west (e. g., Krstić et al. 2003 Krstić et al. , 2007 Krstić et al. , 2012 . For the SLS extent we follow Neubauer et al. (2015) who excluded the Miocene lakes of Kosovo, Bulgaria, Macedonia and Greece from the SLS based on mollusk distributions. The endemic lacustrine faunal assemblages of the SLS impede biostratigraphic correlations on global as well as on regional scale. Because the overlying Middle Miocene (Badenian) marine sediments are integrated in the Central Para tethys scheme, this regional time scale is also commonly used for the lacustrine part of the succession (Fig. 2) .
The Badenian transgression of the Central Paratethys flooded the north of present-day Serbia up to Mt. Bukulja S of Belgrade and ultimately penetrated the Morava depression parallel to the Sava suture up to the area located between the towns of Paračin and Kruševac (Anđelković et al. 1991) (Fig. 1) . The subsequent post-rift phase caused ongoing subsidence over a larger region than before, as recorded by transgressive late Middle Miocene and Upper Miocene deposits . The cessation of the SLS is thought to be related to contractional tectonics between the Dinarides and Carpatho-Balkanides, but it is poorly constrained in time, and estimates range between Early and Late Miocene (Krstić et al. 2012 , Marović et al. 1999 ).
Age and evolution of the Serbian Lake System Mandic et al. (2012) , the SLS after Neubauer et al. (2015) . b) Generalized tectonic configuration of the southeastern Pannonian Basin and Peri-Pannonian region after Schmid et al. (2008) with an outline of the marine Pannonian Basin in white. c) Simplified geological map of the area between the Dinarides and the South Carpathians nearby the study area (courtesy of L. Matenco). d) Detailed geological map of the Trešnja quarry in Popovac, modified after Djoković et al. (2004) , with position of the logged sections.
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The Miocene Lake Popovac remnants are located 130 km SE of Belgrade near the Morava river. During the Miocene, the lake basin formed on top of the nappes of the Dacia Mega-Unit at the boundary between the Serbo-Macedonian and Supragetic nappes (Fig. 1c) . Two seismic profiles ~70 km north of the study area reveal a depression that most probably continues southwards into the Morava depression (Matenco and Radivojević 2012; Fig. 1b ). Based on those profiles and the neotectonic map of Marović et al. (2007) , the Lake Popovac basin is considered a tilted half graben adjacent to a low-angle, east-dipping listric normal fault with a large (km-scale) offset (the Morava detachment). An eroded footwall is exhumed along its detachment. The Proterozoic schists and migmatites of the Juhor Mts might be such an exhumed footwall (Dolić et al. 1980 (Dolić et al. , 1981 (Fig. 1c) .
The infill of the Morava depression around Popovac starts with a ~350 m thick unit of Lower? to Middle Miocene continental alluvial deposits which directly overlay the basement rocks. These are superposed by a ~350 m thick Middle Miocene unit represented by lacustrine deposits of Lake Popovac. On top, another 350 m thick terrestrial to lacustrine clastic series completes the continental depositional cycle of the Morava depression. Ingression of the Paratethys Sea is represented by a 50 m thick unit of marginal marine, Badenian deposits. The Badenian strata contain mollusks and marine foraminifera, such as Elphidium and Ammonia. Upwards, they are transgressively overlain by a 300 m thick lower Sarmatian series with restricted marine yellowish sands and sandy clays. The marine deposits directly on top of the Popovac block are absent, because they were eroded during tectonic uplift along a thrust fault (Dolić et al. 1980 , Čičulić and Dolić, 1996 and references therein). Intense volcanic activity from the Dinarides, Carpathians and Pannonian Basin is reflected by numerous tuffites intercalated in the whole Lower? -Middle Miocene package.
The Trešnja quarry section
The ~100 m lacustrine succession exposed in the Trešnja quarry is the longest continuous section known from the SLS (Fig. 1d, 3 ). The succession begins with reddish coarse clastics and marls discordantly overlying the basement, followed by lacustrine clayey marls and sand with many tuffites (Luković 1950, Čičulić and Dolić 1996) . Above this, the typical ʻcement marlsʼ are present, which are mined in the quarry (Fig. 1d) . The coarsening upwards succession ends with deltaic sands and clays, characteristic of shallow water environments.
The mean bedding orientation of the composite section, existing of a main section plus partial section PS2 and PS3, is 225/13° (Fig. 4) . The majority of the studied profile contains fine-grained, lacustrine sediments, which belong to the local geological sub-unit ʻcement marlsʼ (  4 M 1 2, 3 ; Fig. 1d ). The uppermost part of the composite section as well as partial section PS3 belong to the more sandy sub-unit 
Partial section eschweizerbart_xxx which seem rhythmic between 9 and 12 meter (Fig. 4) . At 11.5 m a thin dreissenid shell bed is present (Fig. 5a ). Brown colors and the amount of silt gradually increase upwards in units C-E. Small-scale erosive surfaces, bioturbation marks and microslump levels often occur. The marly intervals in unit C are laminated with very thin (Ͻ 10 cm) gray layers (Fig. 4c3) . At 20 meter the first thick (1 m) limestone bed appears. In unit D the lithology is very variable both in color and composition. Interval 24-29 m is laminated (Fig. 4b) . At ~24 m a 5 cm thick normal graded tuffite (T1) is present below a beige laminated limestone. At 30 m a thick (2.5 m) light gray-to-brown limestone package is followed by a 2 cm bentonite (T2; 32.5 m). At 35.5 m stratigraphic height the first thick (30 cm) sand bed appears. It is a dark-brown fine sand with frequent mica minerals, sandwiched between organic rich silty clay layers. Unit E (36-45.5 m) is a very brown carbonate interval dominated by thin (~20 cm) beds of (silty) limestones, and characterized by the absence of laminae. At level of 37 m a 50 cm thick light-gray tuffite crops out (T3). This marker bed is well-exposed throughout the outcrop (Fig. 3) . The laminated volcanic layer shows signs of slumping, contains plant remains and its upper surface has ripple marks (Fig. 4c2) . The silty layers around 44 m contain the only rip-up clasts of the main section. Unit F is mainly an alternation of resistant light-brown marly limestones and darkbrown, laminated silty marls and clays (Fig. 4c1) . The alternation between 45.5 and 50 m is very regular, whereas the beds are thicker (~0.5 m) and less rhythmic upwards. Around 60 m a distinctive dark-brown, fining-upwards silt-clay bed with a bivalve level at its base crops out. The uppermost part of the composite section is only partly exposed but dominated by nonlaminated gray silty marls rich in ostracods and mollusk remains. The base of partial section PS3 (unit H) is positioned approximately 14 meters above the top of PS2, and is visually altered. The majority of the profile displays an alternation of laminated green-and browngray silty marls, occasionally intercalated by gray sands of 2 to 80 cm thickness. The very fine to medium grained sands are structureless or poorly graded. The uppermost part of the section contains two light-gray marlstones, followed by an amalgamated brown-gray sand with erosive surfaces.
The lower part (0-36 m; Unit A-D) of the succession contains many dark-light colors and soft-resistant alternations that seem to occur in a cyclic manner (Fig. 4a) . Up to seven lithological cycles can be recognized in this interval (Fig. 3) , generally starting with darker-colored, organic-rich, soft clayey marl or clay and ending with a lighter-colored, more resistant marl (Ͻ 20 m) or limestone (Ͼ 20 m) in the middle part. The largest change in sedimentation trend occurs around 36 m and starts with a short termed peak in clastic material. Above, carbonates prevail, more brownish colors appear and the contribution of silty and sandy components increases. Alternations of darker and lighter colors are still visible, intensified between 45 m and 62 m due to prominent alternation at 10-50 cm scale of dark marl and light limestone beds (Fig. 4c1) , but a rhythmic pattern like in the interval below 36 m is not obvious as in Units E and F.
Two prominent faults cross-cut the Trešnja section. A sinistral fault (F1) cuts the section at 4.5 m, and a sinistral oblique fault (F2) with a drag fold is visible at 14.4 m (Fig. 3) . Their total tectonic offsets are 6.4 and 4.5 m, respectively. The fact that the faults crosscut the whole section in combination with a lack of syn-kinematic sedimentary structures suggests that the faults formed post-sedimentary.
Material and methods
Sampling
The main section up to 62 m was logged and sampled in September 2013. Partial sections PS2 and 3 were logged and sampled in October 2015. The base of partial section 2 directly correlates to the top of the main section, creating a 68 m thick composite section (Fig. 4) . A battery-powered electric drill was used to take standard oriented paleomagnetic cores of 128 levels at a ~0.5 meter resolution. When possible, two cores per level were drilled. Partial section 3 was too coarse-grained or weathered for paleomagnetic sampling. All measured declinations were corrected for the present-day declination at the study location.
Bulk samples for ostracod analysis were taken at each drill level plus three additional ones in partial section 3 (Fig. 4) . Macrofauna was collected when encountered during logging. Moreover, bulk samples of the volcanic levels ʻT1ʼ at 24 m and ʻT3ʼ at 37 m stratigraphic height were taken for radio-isotopic dating. Natural gamma radiation (NGR) and magnetic susceptibility (MS) measurements were taken with a 10 cm resolution on the cleaned outcrop surface of the main section using a hand-held ʻCompact Gamma Surveyorʼ scintillation gamma radiometer and a ʻSM-20ʼ MS meter with a sensitivity of 10 -6 SI units (GF Instruments, Brno, Czech Republic).
Paleontology
Fifty four ostracod samples (ca. 400 g each) were examined; 49 from the main section (PO13) and 5 from partial sections 2 and 3 (PP). Before laboratory treatment, macroscopic observations were made (e. g., position of a fossil within the rock sample, orientation of the carapace, positive or negative imprints). Samples were wet sieved over 200-800 μm sieves. Ostracod fauna was found mainly in fine-grained, dark-bluish clay, gray non-laminated marl and silty marl. Except for the samples PO13-4, PO13-5, PO13-24, PO13-25, PO13-35, all other samples contained ostracod remains or imprints. All collected ostracod material, including fragmented carapaces, is stored in the Chair of Historical Geology, Department of Regional Geology, Faculty of Mining and Geology, University of Belgrade (collection PO-OSTR2013/15). Mollusk remains are poorly preserved, because of leaching (steinkerns, casts) or sediment compaction (deformation). Samples were cleaned in the laboratory by standard preparation methods. All investigated specimens are in the Natural History Museum Vienna, Department of Geology and Paleontology.
Paleomagnetism
Rock magnetism
Magnetic susceptibility per mass of one paleomagnetic sample per level of the main section was measured in the laboratory on a Kappabridge KLY-2. Thermomagnetic analyses were performed on 6 powdered samples in air up to 700°C on a modified horizontal translation type Curie balance (noise level 5 ҂ 10 -9 Am 2 ). Four additional loops were set in between 150-250, 250-350, 400-500 and 500-620°C to monitor the reversibility of the signal in those intervals, which amongst others can expose the presence of iron sulfides.
Isothermal remanent magnetization (IRM) acquisition was measured on 24 samples by means of a 2G Pulser with an inline SQUID Magnetometer. Before the IRM measurements, the samples were weighted and demagnetized in a field of 300 mT using a laboratory-built AF-coil. For each specimen 60 peak fields were applied stepwise up to 700 mT. The data are plotted as three curves per specimen; the linear acquisition plot (LAP), gradient acquisition plot (GAP) and standardized acquisition plot (SAP). The curves follow the two basic assumptions for this method, which are i. no magnetic interaction occurs between different particles within a magnetic mineral and i.i. an IRM acquisition curve follows a cumulative LogGaussian function. A pre-programmed Excel spreadsheet (Kruiver et al. 2001 ) was used to fit one or more components and to estimate the saturation isothermal remanent magnetization (SIRM), remanent coercivity force (B 1/2 ) and dispersion parameter (DP) values per component. To make a first-order estimate of the domain structure and the grain size of the magnetic minerals, material with a known mass of three levels (1 m, 13.5 m and 35.6 m) was used to measure hysteresis loops on an alternating gradient magnetometer (Micro Mag Model 2900 Series AGM, Princeton Measurement Corporation, noise level 2 ҂ 10 -8 Am 2 ).
Magnetostratigraphy
One inch long paleomagnetic samples were measured in the paleomagnetic laboratory Fort Hoofddijk at Utrecht University. Stepwise thermal demagnetization (TH) was applied on 110 specimens in a magnetically shielded furnace with temperature increments of 20-30°C up to a maximum temperature of 380°C. Further heating of a sample was stopped when a clear intensity increase combined with a random direction was observed. Alternating field (AF) demagnetization was performed on 104 samples using a laboratory-built automated measuring device applying sixteen 2-20 mT increments up to 100 mT by means of an AF-coil interfaced with the magnetometer (Mullender et al. 2016) . Before demagnetization the samples were heated up to 150°C in order to reduce the stress in magnetic grains which may be induced by surface oxidation of magnetite at low temperatures (Van Velzen and Zijderveld, 1995) . For both cleaning methods (AF and TH), the natural remanent magnetization (NRM) was measured on a 2G Enterprises DC SQUID magnetometer (noise level 3 ҂ 10 -12 Am 2 ). The iron sulfide greigite is very common in lacustrine sediments (e. g., Vasiliev et al. 2008 , Van Baak et al. 2016 . Greigite can acquire a Gyroremanent Magnetization (GRM) at fields higher than 40 mT during AF demagnetization (e. g., Stephenson and Snowball 2001) . Therefore, extra small field steps were taken above 25 mT, and the specifically designed per component demagnetization scheme of Dankers and Zijderveld (1981) was used to avoid measuring a large GRM during AF demagnetization.
The method takes into account that a GRM develops perpendicular to the axis that has been demagnetized last and involves repetitive demagnetization and measuring along specific axes at higher alternating fields.
Radioisotope dating
The bulk tuff samples were processed at the Mineral Separation Facility of the Faculty of Earth and Life Sciences of the VU University in Amsterdam. Samples were crushed into blocks of ~1 cm 3 , disintegrated in a diluted calgon solution with a Robot Coupe blixer 4 v.v., an ultrasonic bath, and wet sieved over a 63 μm and 500 μm sieve. The K-feldspar (sanidine) fraction Ͼ 63 μm was separated by using heavy liquids (diiodomethane) of densities 2.59 and 2.54 g/cm 3 using a LOC-50 Hettich type 320 centrifuge. The sanidine fraction was further purified by magnetic separation over the Frantz isodynamic separator. Subsequently, the K-feldspar residue was leached for 15 minutes in a 3% HNO 3 solution in a ultrasonic bath to clean the mineral surfaces. A final selection step involved handpicking of both samples in size fractions of respectively 300-500 μm (T1) and 120-300 μm (T3). See supplementary material S1 for photographs of the selected grains.
Mineral separates were loaded in a 6 mm ID Al vial together with Fish Canyon Tuff sanidine (FCs) standard. The vial was irradiated at the Oregon State University TRIGA reactor in the cadmium shielded CLICIT facility for 12 hours.
40
Ar/
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Ar analyses were performed at the geochronology laboratory of the VU University on a Helix MC noble gas mass spectrometer. Replicate analyses of multiple grain fusions (Ͻ 15 grains/fusion) were performed for both samples, and single grain fusion analyses for the standards. For tuff T1 and T3, 21 and 12 replicate multiple grain total fusion experiments with an average of 7 grains per fusion were conducted, respectively. For age calculations we used the in-house developed ArArCalc software (Koppers 2002) . A standard age of 28.201 Ȁ 0.023 Ma (Kuiper et al. 2008) for FCs is used in combination with Min et al. (2000) decay constants and the atmospheric air value of 298.56 from Lee et al. (2006) . All errors are quoted at the 1σ level and include the analytical error and the error of irradiation parameter J. All relevant procedures and analytical data for age calculations can be found in the online supplementary materials S2 and S3.
Cyclostratigraphy
Spectral analysis of geophysical proxy data collected on the outcrop (NGR and MS time series) was carried out using the REDFIT procedure of Schulz and Mu delsee (2002) implemented to the PAST statistical package (Hammer et al., 2001) . The latter uses the LombScargle Fourier transform and allows investigation of periodicities in unevenly sampled time series.
All calculations were made on original, non-transformed time series. A rectangular window was applied, the oversample and segment options were set to one, and Monte Carlo simulation using 1000 random realizations of an AR (1) process (red noise model) was run to achieve accurate false-alarm noise levels and to compute a ʻbias-correctedʼ version of the resulting spectrum (Schulz and Mudelsee 2002). Monte Carlo 99 % was considered as conservative approximation of the false alarm level. Filtering of detected periodicities was performed by the AnalySeries application, using the simple integration algorithm (Paillard et al. 1996) . The filter was centered to cycle lengths estimated by spectral analysis; the bandwidth was set to 0.02. For the tuning (i. e. correlation) of filtered cycles to the astronomical time scale, the orbital parameters of Laskar et al. (2004) were used, computed by assuming the present-day tidal dissipation and dynamical ellipticity (1,1).
Paleontological results
Micropaleontology
The ostracod specimens are generally poorly preserved. Most of the carapaces are fragmented, while complete shells are mainly available as imprints or molds. Most of the sediments with ostracods show evidence of sulphide mineralization. In some cases, the whole ostracod carapace is partly or completely mineralized by other minerals, such as pyrite. The best preserved ostracods come from the sandy interval of partial section 3 (sample PPA, Fig. 5a , Table 1 ).
Ostracod determination was complicated because of the poor preservation. The ostracods from Popovac are classified in 15 taxa which belong to 11 genera. Most genera are present with 1-2 species including both adult and juvenile specimens. The following species have a distribution pattern over the whole section: Candona ex gr. candida (O. F. MÜLLER), Candona sp., Candona (Lineocypris) sp., Candona (Camptocypria) sp., Pseudocandona sp., Candonopsis sp., Fabaeformiscandona sp., ?Cyclocypris sp., ?Amplocypris sp. They are recorded in a large number of samples (Table 1) . A few samples 12, 13, 30, 38 and PP129) have a more diverse assemblage with 4-5 different species. Besides the aforementioned species, scarce occurrences of Darwinula sp., Cypria sp., Ilyocypris sp. ?Mediocypris sp., Limnocythere sp., and ?Dinarocythere sp. (possibly D. costata KRSTIĆ) are recorded. The overall species number suggests that the level of diversity is low for the whole section. Candonids fragments were found in different sediment types, whereas the other ostracods were confined to structureless, compact marls.
Age and evolution of the Serbian Lake System PP129 and PPA) . The determination of the genus Dinarocythere in sample PPA is based on observations on a whole carapace on which the broad median vertical sulcus, relatively large low tubercles in the sulcus, and thin ventral ridge (e. g., Krstić 1987) could be clearly seen (Fig. 5a ). Both taxa are very common in the Middle Miocene deposits of the SLS (Petrović and Gagić 1973 , Gagić 1994 , Krstić et al. 2012 ).
Macropaleontology
Mollusk remains in the Trešnja section are restricted to only a few horizons ( Fig. 5c ; Table 2 ). The 1 cm thick lowermost mollusk horizon (11.5 m) has the highest shell density, and is a monospecific shell accumulation of articulated, small-sized shells of the dreissenid bivalve Trigonipraxis zoici (ANDRUSOV). It is part of a light-gray massive marl (Unit B) displaying dark bands at 5 to 10 cm distance. The second mollusk horizon (42 m) is positioned in a light-gray to beige, finely bedded and banded grainstone (Unit E). Scattered mollusk and plant remains are present on the grainstone bedding planes, and the lower bedding planes are bioturbated. The shells include disarticulated Trigonipraxis zoici, as well as Prososthenia fuchsi PAVLO VIĆ, and Radix sp. At level 48.3 m mollusks (Radix sp.) are dispersed in the matrix of a beige irregularly bedded silty limestone bed. At level 59.0 m a few Trigonipraxis zoici shells are present within beige lime stone. Additionally, two levels with scattered Tri gonipraxis zoici shells are intercalated into light (PP129) and dark (PP131) gray marls. Finally, a silty marl horizon at 95 m bears besides common Trigonipraxis zoici also rare Prososthenia fuchsi.
The hydrobiid gastropod species Prososthenia fuchsi is endemic in the lacustrine pre-Badenian Miocene of the SLS. It is often found together with Kosovia matejici PAVLOVIĆ, another SLS endemic species. The latter was absent at the studied site but was reported from corresponding deposits of the Popovac basin at G. Mutnica (Milošević 1967) . The species Trigonipraxis zoici, which is present throughout the Lake Popovac succession, is known from Early-Middle Miocene lacustrine basins throughout the pre-marine DLS in southern Pannonian Basin and northern Dinarides in Croatia and Bosnia and Herzegovina (Kochansky-Devidé and Slišković 1978).
Besides the mollusks, there are some findings of fish fauna in the section (Fig. 5b) . Small bones, otoliths (Gobius sp.), teeth and a poorly preserved vertebral part (66.8 m) were found. Moreover, a relatively well-preserved tail skeleton tentatively identified as ?Mugil sp. was found at a height of 16 m.
Paleomagnetic results
Rock magnetic results
Most thermomagnetic data show a gradual decrease in intensity up to ~400°C (Fig. 6a) , except for one sample of level 36.5 m, that yields a clear non-reversible signal during cooling in between 250 and 350°C (Fig. 6b) . The latter coincides with a distinctive peak in MS. This behavior indicates the presence of an iron sulphide, which is likely to be greigite, a common magnetic mineral in Paratethys Miocene sediments from semi-restricted basins (e. g., Vasiliev et al. 2007 , Ter Borgh et al. 2013 ). All Curie diagrams reveal a defined magnetization peak in between 400 and 580°C (Fig. 6a) , which is a direct result of the build-up of magnetite at the expense of the thermal breakdown of pyrite. In some cases a small decrease between 670 and 680°C suggests the presence of a minor hematite component, which is likely secondarily formed by the oxidation of magnetite during heating. In all cases, the signal after cooling is higher than the initial value, showing that pyrite was converted into magnetite minerals.
The normalized IRM acquisitions are noisy, especially the Gradient Acquisition curve (GAP) (Fig. 6c,  d ). Three components are fitted to most samples, in which the low field component does not represent a real magnetic carrier, but is applied to arrive at a better fitting cumulative curve. All samples contain a medium field component (comp. 1) and a high field component (comp. 3). Component 1 reflects on average 87.3% of the total SIRM and represents the main magnetic carrier. The remanent coercivity force (B 1/2 ) ranges from 39 to 57 mT. Throughout the section, the B 1/2 seems to decrease slightly from bottom to top. The dispersion parameter (DP) ranges from 0.23 to 0.40 with an average of 0.32, and is most scattered below 40 m stratigraphic height.
The B 1/2 of ~47.5 mT and relatively high DP (0.32) are common for magnetite. The DP values indicate partially oxidized, detrital components (Kruiver et al. 2003) . The large variation in B 1/2 and DP is consistent The high field component range represents only 5.7 % of the total SIRM and is non-saturated above 700 mT. Its relatively high average SIRM, B1/2 and low DP (Fig. 6c ) suggest goethite and hematite as carriers (Kruiver et al. 2001) . Since goethite often appears at fields higher than 700 mT, the presence of hematite is more likely. One sample at level 35.5 m has very different IRM values (Fig. 6d) . The SIRM and B1/2 are higher, and the DP is lower (0.18). The values are consistent with a biogenic provenance and we conclude that it is greigite in composition. This conclusion is supported by the thermomagnetic data (Fig. 6b) . The hysteresis results are generally noisy. The data from level 1 m are too noisy to interpret. All hysteresis loops have an open shape, suggesting a single domain or near-single domain carrier. Summarizing, the majority of the Popovac section most probably contains pseudo-single domain to single domain magnetite that is oxidized to variable degrees. Material from the interval 35.5 to 36.5 m is dominated by single-domain iron sulfide, which we interpret as biogenetic greigite. Thermal demagnetization will provide more information about the extent of this iron sulfide interval.
Demagnetization behavior
The demagnetization behavior of the samples during thermal and alternating field demagnetization, in combination with the rock magnetic analyses, shows that the specimens of the Trešnja section can be divided into a magnetite and a greigite group. All original measurements during demagnetization and the interpreted magnetic vectors can be found in supplementary files S4 and S5.
Group 1: magnetite
Up to three magnetic components in different temperature or coercivity ranges are recognized in the Zijderveld projections (Fig. 7) . During the first demagnetization step (0-5 mT or 20-80°C) a random, laboratory-induced viscous, component was removed. Another component was sometimes recognized in the low temperature range 80-150/180°C, and in the low field range 5-15/20 mT. The higher temperature direction is visible between 200 and 400°C, while the higher field component is observed between 20 and 70 mT. In most cases, a random direction develops above 380°C and 50 mT, respectively (e. g., Fig. 7a ). During thermal demagnetization the Curie temperature of the magnetic carriers could not be reached, because of the conversion of pyrite into magnetite around 400°C (Fig. 6a,  b) . The newly formed magnetite has a much higher intensity than the original carrier and disturbs the original demagnetization trend in the sample from that point onwards.
The samples were divided into low, medium and high quality groups. The criteria for dividing the samples into the quality groups are mainly based on the unblocking temperature/coercivity range, maximum angular deviation (MAD), and whether the demagnetization plots show a trend towards the origin. All magnetic vectors are plotted through at least 5 consecutive data points. Vectors in the high quality group are stable from 220 to Ն 330°C during TH demagnetization and from 20 to Ն 45 mT during AF demagnetization. They decay linearly towards the origin (MAD Ͻ 5°) and contain normal or reversed polarities (Fig. 7a, b, c) . Samples with magnetic vectors that do not match all criteria of the high quality group, but do show a clear normal or reversed polarity, are assigned to the medium quality group. Vectors in this group often cover a lower temperature/field range than the high quality group, are less linear (MAD Ͼ 5°) or do have relatively steep or shallow inclinations/declinations compared to the high quality ones (e. g., Fig. 7c ). In some cases (Fig. 7c) . The high and medium quality group cover 44 % and 36% of all demagnetized magnetite samples, respectively. The other 20 % of the demagnetized magnetitebearing samples do not contain a stable or realistic magnetic vector above 180°C/20 mT and are attributed to the low quality group.
Group 2: greigite
Samples in the interval 33-36.5 m contain a higher amount of greigite than the rest of the section, with samples PP73-75 having the largest amount of the iron sulfide. Seven samples are assigned to the high quality group and four to the medium-quality group, with the same quality criteria as for the magnetite-bearing samples. All greigite-bearing samples become unstable above 380°C. During alternating field demagnetization a moderate to strong gyroremanence is acquired above 35 mT (Fig. 7e) . The greigite-bearing group covers 5 % of all demagnetized samples in this study.
Polarity pattern
The demagnetization directions after tectonic correction are plotted in Figure 8 . The TH demagnetized results (circles) are in general more consistent in declination and inclination than the AF demagnetized ones (diamonds) observed between intensity and NRM quality. The mean inclination and declination of the high and medium quality samples of the greigite-bearing interval (33-36.5 m) are statistically indistinguishable from those of the magnetite samples of the rest of the section. The Trešnja section is characterized by high quality samples with normal polarity, and one reversed high quality sample in the uppermost level (Fig. 7d) . The medium quality directions are more scattered, but the majority also shows a normal polarity. Between 14 and 16 m several medium quality specimens show reversed directions. These directions are very scattered. Hence, this zone remains questionable (Fig. 8) . Locally, some scattered levels with a higher silt or fine-sand content reveal lower quality reversed directions.
Age and evolution of the Serbian Lake System 
Radioisotopic dating results
For sample T1 (n = 21) two outliers were excluded from the weighted mean, because of their high Ca content (high 37 Ar beam) indicating the presence of Cafeldspar grains (Suppl. S2.1). The remaining 19 measurements indicate a homogeneous age population with an average percentage of radiogenic 40 Ar of 98.5% and a weighted mean K/Ca ratio of 59.3 Ȁ 3.6 (Fig. 9) Ar data are presented in the supplementary materials S2. The resulting age for tuff T1 is 14.40 Ȁ 0.01 Ma including all errors using the approach of Kuiper et al. (2008) . This age is assumed to reflect the tuff's crystallization age.
The results for tuff T3 (n = 12) are less reliable (Fig. 9) . The K/Ca ratios show that we dated a Ca-rich feldspar mineral (plagioclase). However, also for this sample the isochron intercepts do not deviate from atmospheric argon. The results reveal an inhomogeneous age population with a weighted mean age of 14.87 Ȁ 0.08 Ma (analytical uncertainty) with MSWD 11.6. The youngest subpopulation of n = 5 yields 14.69 Ȁ 0.04 Ma with MSWD 1.5 (Suppl. S3.7). Note, that also the radiogenic 40 Ar yield is relatively low (~60 %). Given the fact that tuff T3 is positioned 8 meters above tuff T1, an older age for T3 is unlikely. The bed of sample T3 showed signs of transport, so it is likely that it is contaminated with crystals from older sediments and that the weighted mean age of our measurements does not represent the crystallization age. All analytical 40 Ar/ 39 Ar data are presented in the supplementary materials S2 and S3.
Cyclostratigraphic results
The trends of magnetic susceptibility (MS) and natural gamma radiation (NGR) measured on the outcrop are very similar to each other (Fig. 10) . The MS measured on each paleomagnetic sample before demagnetization in the lab follows exactly the trend of the MS measured in the field (Fig. 10) . The periodicities of the NGR and MS curves below 37 m agree with the cycles observed on the outcrop. The most distinctive peak between 32 and 37 m is recorded by all three proxy curves. Above 37 m, the periodicities increase in frequency and their correlation to the outcrop is less obvious. In addition, potential cycles become less clear in the MS signal, Kuiper et al. (2008) . eschweizerbart_xxx but seem still to be present in the NGR. The zone of extraordinary increased values between 32 m and 37 m was excluded from the analysis, since such extreme values are not comparable to normal signal intensity and most probably do not represent a climate forced signal. The intercalations of coarse grained, thick volcanic airborne sediments suggest a relation with a tectonically controlled environmental perturbation. Such data treatment is in accordance with recommendations provided by Weedon (2003) , in particular on assuring the presence of consistent environmental conditions for investigated time intervals.
The spectral analysis proved the visually observed high level congruence of the investigated proxies, yielding almost identical periodicities for MS and NGR proxy curves (Fig. 10) . The analysis encountered different first order periodicities in spectral power for the lower (5.3 m) and for the upper (2.8 m) interval. The upper interval shows an additional peak at 5 m, which exceeds the Monte Carlo 99 % false alarm threshold only in the NGR. The periodicity ratio (5.0/ 2.8 m) in the upper interval closely resembles the ratio between insolation and obliquity periods (41/21 kyr) and suggests an astronomical forcing. (2004) insolation (light gray) and obliquity (gray dashed) curves followed by the polarity time scale (Hilgen et al. 2012) . Correlation is indicated by horizontal lines, uncertainty ranges in magnetic polarity and Ar/Ar dating are shaded in gray.
eschweizerbart_xxx 9. Discussion
Dating Lake Popovac
One particular observation in the polarity graph is that all high quality data, except for the uppermost one, indicate normal polarity (Fig. 8 ). It must be tested whether these normal polarities are primary or nearprimary directions and may be used for correlation to the time scale. To check if they represent a present-day overprint, the mean inclination and declination of the highest quality specimens are plotted in geographic coordinates and compared to the present-day magnetic field in the study area. The mean direction of the normal samples is clearly dissimilar to the present-day field direction (Fig. 11a) , even when we include the medium quality directions. However, the mean low temperature/coercivity component does resemble present-day values at the study site ( Fig. 11b ) and is thus interpreted as a sub-recent viscous component. The expected magnetic field in Popovac around 15 Ma is 4.9°/61.3° (inc/dec), and was calculated using the present-day coordinates of the study area (43.91°N, 21.49°E) and the paleocoordinates of the European continent (Torsvik et al. 2012 ). The mean inclination in tectonic coordinates of our study (59.2°) lies within the error range of the expected value around the time of deposition (~15 Ma), while the mean declination (11.8°) does not match the expected value at~1 5 Ma (Fig. 11c) . The latter suggests a small (~7°) clockwise rotation of the region after deposition of the sediments (Ͻ 14.2 Ma).
Marine and lacustrine clays and silts are often compacted due to dewatering processes during burial. Magnetic vectors in such deposits carry a shallower inclination than expected at time of deposition, which indicates that the signal was acquired in a very early stage, namely before dewatering set in (e. g., Kodama, 2012) . No inclination bias was resolved for the Popovac dataset by the Inclination/Elongation method (Tauxe and Kent 2004) . The absence of flattened inclinations in this study could mean that the Popovac sediments were not significantly compacted. The fact that the lake sediments have never been buried deeply (Ͻ 650 m) and contain limestones, which flatten much less than clays and silts, could result in very moderate compaction.
Alternatively, the sediments were compacted and the measured magnetic signal was acquired shortly after dewatering. In this case the polarity pattern could reflect an early diagenetic remanence. The omnipresence of pyrite (Fig. 6a) in the sampled material suggests that periods of anoxia occurred in the lake. During anoxia, part or all of the primary magnetite and/or greigite may be reduced while pyrite is being formed in the sediment column. A subsequent oxic phase could have formed early diagenetic magnetite (Roberts 2015) . Given that the polarity matches the 40 Ar/ Fig. 11. Equal area projections for different sample populations including the mean declination (decm) and inclination (incm) (a-c) with statistical data (d). Closed circles represent high quality normal polarity directions after thermal and alternating field demagnetization, either plotted in tectonic (tc) or geographic coordinates (no tc). The expected field at 15 Ma was calculated using PALpole, paleolatitudes of the European continent (Torsvik et al. 2012 ) and the present-day coordinates of the Popovac quarry. (d) Summary of mean magnetic directions with error margins and population ʻnʼ.
Ar age and is dissimilar to the present-day field, the paleomagnetic signal is interpreted as primary or penecontemporaneous with deposition and dewatering.
The 40 Ar/
39
Ar age of 14.40 Ȁ 0.01 Ma at 24 m stratigraphic height is the most important tie point for correlation of the polarity pattern to the Global Polarity Time Scale (GPTS, Hilgen et al. 2012) (Fig. 12) . The only other constraint is based on mammal stratigraphy. Alaburić and Marković (2010) sampled teeth of the small mammals Galerix exilis (Blainville) and Cri cetodon meini Freudenthal from the cement marl series of Popovac and assigned them to the Central European zone MN5 (Fig. 12) . The same sample contained remains of Eotragus sansaniensis (Lartet) characteristic to MN6 suggesting therefore a stratigraphic position in the latest MN5 zone. The MN5/MN6 boundary correlates with the upper part of polarity Chron C5ADn. Therefore, we correlate the normal polarity pattern to Chron C5ADn (14.609-14.163 Ma) (Fig. 12) . Possibly, the top of the section reaches the base of C5ACr, although this is only based on one sample level.
The correlation to C5ADn indicates that the 2 mthick interval of scattered south-directed samples around 15 m (Fig. 8) Pr. fuchsi MN4 8. Krstić et al. (1996 ) 9. de Leeuw et al. (2010 2011a,b) 10. Mandic et al. (2011 ) 11. Neubauer et al. (2015 12. Zachos et al. (2001 ) 13. van de Wal et al. (2011 Legend References Fig. 12 . Correlation of the Lake Popovac succession to the Global Polarity Time Scale (GPTS, Hilgen et al. 2012) , based on the Ar/Ar age and polarity pattern, and comparison with regional and global successions and events. The lake names written next to the early, middle and late Dinaride Lakes stages indicate which lakes exist in that period. The Neogene mammal (MN) zones follow Hilgen et al. (2012) and Reichenbacher et al. (2013) . The MCO extent is taken after Holbourn et al. (2015) .
of the GPTS. These samples have been drilled at a distance less than 3 m from the cross-cutting fault plane (F2), and the signal might have been affected by reactions with infiltrated fluids along that plane. It is part of a larger fractured zone cross-cutting the whole section (Fig. 1d) . Alternatively, the 2-m-interval might represent a magnetic excursion within C5ADn, but we are not aware of other reports of such a short-term fluctuation of the magnetic field at this age. The presented age model suggests that the top of the Trešnja section reaches 14.2 Ma, but it does not provide an age for the top of the complete continental sedimentation cycle of the SLS in the Morava depression. Nevertheless, it is known that the ~350 m thick lacustrine-terrestrial package that overlies the studied succession is followed by late Badenian (Serravallian) marine deposits. The onset of the late Badenian flooding should not have occurred earlier than 13.8 Ma, based on integrated bio-chemo-magnetostratigraphic studies in the southern Pannonian Basin (Pezelj et al. 2013 ) and a mid-Badenian 40 Ar/ 39 Arage in the Polish Foredeep (de Leeuw et al. 2010b) . Consequently, the cessation of the SLS in the Morava region was at least before 13.8 Ma.
Astronomical tuning
We used MS and NGR as proxies of paleoenvironmental change as they reflect the content of detrital material, such as clay minerals, in the sediments (Emery and Myers 1996) . In general, carbonate-rich lighter colored intervals result in decreased MS and NGR values, whereas increased values trace clay-rich and darker intervals with a lot of organic matter. One such horizon between 32 and 37 m shows a maximum peak in geophysical proxies as a combined effect of enhanced terrigenous input (clay, silt and sand) and increased organic matter content (Fig. 10) . The Gaussian band-pass filtering of the proxy curves, based on spectral analysis results, picks up the positions of maxima and minima and allows correlation with the astronomical target curves (Fig. 10) .
Astronomical tuning is controlled by the age model for this study, which defines the 40 Ar/
39
Ar datum (14.4 Ma) at 37 m height as a tie point and uses the polarity Chron C5ADn (14.609-14.163 Ma) as a time window. Note that if the lower and upper boundary of the normal polarity zone are shifted due to diagenesis of the magnetic signal, the tuning and resulting sedimentation rates will be affected as well. In the current age framework, the 5.3 m periodicity of the lower interval of the section most likely relates to precession/insolation, because inferring an obliquity control would exceed the lower boundary of the time window by at least 26 kyr. The 5.0/2.8 ratio in the dominant peaks of the NGR spectral analyses for the upper interval closely resembles the 41/21 ratio of obliquity and insolation and can thus be used to tune the 5.0 m cycle to obliquity and the 2.8 m cycle to precession/ insolation (Fig. 10) . Maxima in insolation are thereby related to the minima in carbonate building, reflecting increased clay and organic matter content.
The filtered 5 m and 2.8 m components of the NGR curve are approximate peak positions and do not always match exactly with the real peaks in the proxy curves. This mismatch is an effect of small-scale changes in sedimentation rate, which is ignored by the Gaussian band-pass filtering. The presented tuning leans on these filtered components and, therefore, represents an estimate. This astronomical tuning of the section implies a sudden decrease in sedimentation rate of 25 cm/kyr in the lower to 12 cm/kyr for the upper part of the section. Without astronomical tuning, the minimum average sedimentation rate for the section (0-62 m) is ~14 cm/ kyr. Similar sedimentation rates of 10 cm/kyr with an increase to 20 cm/kyr during a more humid climate phase were also calculated for the carbonate succession of Lake Sinj and Lake Gacko of the DLS (de Leeuw et al. 2010 .
In summary, if we use the age model of the Popovac section, the spectral analysis on the geophysical proxy curves (MS and NGR) suggests insolation dominated climate forcing of Lake Popovac throughout the section, which was not interrupted by the change of sedimentary conditions above the main ash layer. The carbonate rich lacustrine phase of lake Popovac (0-68 m) correlates roughly with one single 400 kyr with minima at 14.578 and 14.192 Ma. (Fig. 10 ).
Paleoenvironmental conditions
and local ecosystems
Ostracod paleoecology
The lower and middle part of the section (0-62 m) bear uniform ostracod assemblages, composed of candinid, cyprinid and darwinulid species. The ostracod record is confined to carbonate horizons. In clayey horizons they are absent, perhaps in response to suboxic conditions. Candonids are mainly found in freshwater habitats such as pools, lakes and swamps, but can tolerate slightly saline (brackish) waters as well (Gross et al, 2013) . Their increased diversity in this part of the section suggests a water depth between 20-50 m (Krstić 1972 , 1974 , Meisch 2000 , Lorenschat et al. 2014 ). Yet, findings of Candona (Lineocypris) sp. and Candona (Camptocypria) sp. with large, trapezoidal valves with pointed posterior parts indicate water turbulance and slightly saline environments up to 14 ‰ (Krstić 1985 , Rundić 2006 , Krstić et al. 2012 . Some species such as Candona sp. and Fabaeformiscandona sp. are known to prefer sublittoral waters (Krstić 1985 , Meisch 2000 , Wilkinson et al. 2005 . Also, these species can tolerate brackish waters in the salinity range 0.5-16 ‰ and low oxygen levels (Wilkinson et al. 2005 , Li et al. 2010 .
Pseudocandona prefers more littoral freshwater environments but is recorded from oligo-to mesohaline waters too (Meisch 2000 , Gross et al. 2013 . The genus Cyclocypris prefers permanent and temporary pools with vegetation. It is observed in springs and lakes from the littoral to the deepest zones. It tolerates a low salinity up to 8 ‰ (Pipík and Bodergat 2003) . Cypria is an active swimmer that lives in freshwater habitats such as ponds and lakes but can be found in oligo-to mesohaline waters too (Meisch 2000 , Gross 2008 . Similarly, darwinulids live in various freshwater habitats such as lakes, ponds, springs, rivers, as well as in (semi) terrestrial and interstitial habitats but also in mixohaline environments (Gross et al. 2013) .
In summary, ecological requirements of the assemblage suggest a variable water depth, from littoral to profundal, up to 50 m depth. All taxa prefer fresh water lake conditions, but tolerate a salinity increase up to 16‰. Dominant shell morphology of tiny, transparent carapaces (Candona, Cypria, Fabaeformiscandona, Candonopsis, etc.) proves quiet, low turbulence depositional conditions in sheltered or profundal depositional setting. It suggests furthermore depleted content of salt dissolved in the water (Rundić 1998 (Rundić , 2006 .
In the upper part of the section (62-102 m) ostracod assemblage bears Limnocythere, Ilyocypris and Dinaro cythere. The genus Ilyocypris is known from presentday freshwater streams, ponds and shallow lakes, with a preference for spring-supplied water (Meisch 2000 , Rodríguez-Lázaro and Martín-Rubio 2005 , Wil kinson et al. 2005 . Some species such as I. bradyi SARS are generally associated with waters of a very low salinity (average 3.24‰), but might tolerate salinity up to 14‰ (Li et al. 2010) . The worldwide occurring species I. gibba RAMDOHR lives in a wider range of temperatures in oligohaline stagnant or flowing water (Meisch 2000 , Wilkinson et al. 2005 , Li et al. 2010 . Limnocythere and Dinarocythere occupy a wide range of habitats including the shallow littoral of lakes (Krstić 1987 , Gross 2008 . The ecological requirements of encountered taxa imply deposition in a fresh water lake. The morphology of encountered taxa showing ornamented and tuberculate carapaces indicate more dynamic water conditions than in the succession below.
Depositional history and
paleoenvironmental evolution In general, plant remains and coal fragments found throughout the Trešnja composite section indicate vicinity to the coast. Also, the occurrence of sulfide mineralization in most of the studied samples indicates organic rich sediments (Fig. 4b3) . Small disturbances in sedimentation occur throughout the section as evidenced by distorted lamina and microslumps pointing to syn-sedimentary tectonic activity (Fig. 4) . Although the area was not yet flooded by marine waters, a direct connection of the Paratethys Sea with the Popovac Lake must have existed through a river system, as indicated by its fish fauna bearing frequent mugilids (Anđelković 1989 , Gaudant 1998 . These euryhaline fishes return to the sea for spawning (Gaudant 2002) .
Integrated sedimentological and paleontological data supports division of the studied succession of Lake Popovac in three intervals, with a general shallowing upward trend.
Each cycle in the lower part (0-37 m) reflects a change in lake conditions (Fig. 4) . In the beginning and end of a cycle there is increased input of clay and organic material in the lake, while during carbonate production the lake environment was very stable and clear. Good preservation of lamination with organic matter and the presence of well preserved, articulated fish remains, such as ?Mugil sp. (16 m), points to prevailing suboxic and very quiet bottom conditions (Fig. 4b) . Up to height of 20 m marly deposition prevails, above 4 up to 3 m thick limestone beds are present. The organization of the mollusk accumulation at 11.5 m suggests a single shell generation, which could have been killed on site by a change in water chemistry, possibly due to an anoxic event. This is supported by shell articulation and its position in the sediment, constrained to one dark band reflecting the increased organic content in the particular interval. Considering the prevailing low energy conditions with common suboxia and dominant marly deposition, deep littoral to profundal lacustrine conditions can be inferred for this interval.
The lower and middle part of the section are separated by a sandy zone just below the main tuffite layer (T3). This zone (32-37 m) was described by Luković (1950) as a 5 m thick interval characterized by sand intercalations and is well-known for its vertebrate remains, such as the elephant Gomphotherium angustidens (Cuvier), crocodile Tomistoma eggenburgensis (Toula & Kail), moonrat Galerix exilis (Blainville) (Alaburić and Marković 2010) and antelope Eotragus sansaniensis (Lartet) (Pejović 1951 , Pantić, 1956 , Jovanović et al. 2001 . This conspicuous fossil concentration related with terrigenous input, suggests a sudden shallowing of the depositional environment possibly due to increased regional tectonic activity.
The short iron-sulfide (greigite) dominated interval (33-36.5 m) is part of this zone and also indicates slightly different conditions than in the rest of the section. Here, not all greigite was converted into its end member pyrite. A relatively high sedimentation rate could have diminished the time in the pyritization-window of the subjacent interval and thereby prevented the consummation of all greigite (e. g., Kao et al. 2004) .
The middle part (37-62 m) points towards more oxygenated lake conditions during deposition, characterized by a higher limestone contribution. Moreover, this part has coarser sediment input (silts, sands) than the part below. The rip-up clasts (at 44 m) could mark vicinity of the shore face. Lithological cyclicity has a small wavelength and is less pronounced in MS as an effect of increased carbonate content (Fig. 4) . Mollusk remains in this part are bound to intervals with more oxic conditions marked by generally light sediment colors. Bivalves are disarticulated as a result of bioturbation or transport by waves or currents. Radix sp. is a pulmonate snail constrained to marginal, shallow water conditions of fresh water lakes and ponds (WelterSchultes 2012) . Beyond that, the presence of Prososthenia fuchsi also indicates shallow depositional settings (e. g., Neubauer et al. 2013) .
Mollusk composition, increased carbonate production and terrestrial input, and prevailing oxic conditions all point to a more marginal position of deposition relative to the previous part, probably within the shallow littoral zone. Proximity to the coast is in agreement with well-preserved leaf flora collected from Unit E, which were dominated by broadleaved evergreen taxa (Pantic 1956) . Utescher et al. (2007) suggested a mean annual temperature of 17°C and 8°C minimum during the coldest month based on analysis of the same flora. The flora showed also a peak in mean annual precipitation with 1400 mm and 140 mm in the warmest month. The upper part of the section (62-100 m) shows a general absence of lamina and presence of graded and irregular sand levels. Erosive features point to gravity-driven flow and also indicate higher energy than before. Uplift of the source area or a shift in depocentre might have brought more material into the lake. Ostracods suggest an increase of water turbulence which could imply a shallowing of the depositional environment.
The SLS in a regional framework
The encountered ostracod taxa and assemblages from Lake Popovac are well known from other Miocene lacustrine basins of central Serbia (Petrović and Gagić 1973 , Gagić 1994 , Krstić 1966 , 1972 , 1974 , 1978 , Krstić et al. 2003 . Some of the taxa have also been documented in northern Croatia (Hajek-Tadesse et al. 2009 ) and in the Aflenz Basin in Austria (Zorn and Ćorić 2011) .The typical SLS mollusk assemblage of Lake Popovac, with characteristic species Kosovia sp. and Prososthenia fuchsi, has previously been reported from the Trstenik (Eremija 1996), Poljna (Pavlović 1996) and Levač (Knežević, 1996b) areas (Fig. 1c) . These similarities in faunal composition suggest that other locations will have roughly similar ages as Lake Popovac. Because of the rarity of biostratigraphic markers and lack of other age constraints, correlation between SLS localities on a larger scale is very speculative, and is beyond the scope of this study.
Recent paleobiogeographic studies indicate a very different freshwater gastropod assemblage for the DLS and related freshwater environments (ʻIllyrian bioprovinceʼ) than for the SLS (ʻBalkan bioprovinceʼ) Fig. 4 in Neubauer et al. 2015a) . Our study suggests that the two systems were not only separated in space, but also for a large part in time. Initiation of deposition in the DLS is likely related to the warm and humid climate induced by the Miocene Climate Optimum (MCO; ~16.8 to 14.9 Ma) (e. g., Mandic et al. 2011) . Only the Livno-Tomislavgrad and Sarajevo-Zenica intramontane lakes lasted longer and extended into the late Langhian and Serravallian . The studied Lake Popovac facies is entirely of late Langhian age (14.6-14.2 Ma), indicating that deposition in this lake occurred after the MCO. We conclude that the evolution of the SLS has not much in common with that of the DLS and that a different geodynamic setting was responsible for the creation of new accommodation space during the formation of the SLS.
A compilation of structural, seismic and fission track data along the reactivated Sava suture zone sug-gests that extension and exhumation peaked betweeñ 15-14 Ma (Schefer et al. 2011 , Ustaszewski et al. 2010 , Stojadinović et al. 2013 . In general, this Pannonian extension phase is characterized by Oligo-Miocene detachments with footwall uplift and asymmetric basins at their sides. Schefer et al. (2012) demonstrated that extensional unroofing of the Dinaric Kopaonik core complexes in central Serbia was controlled by the same early Middle Miocene phase (Fig. 1c) . Andrić et al. (2015) suggested that the extension probably traveled as far south as the Sarajevo-Zenica Basin in Bosnia and Herzegovina, because many syn-sedimentary tectonics occurred in the same period . Our new data confirm that the Pannonian extensional phase was also wide-spread in the Peri-Pannonian realm between the Dinarides and South Carpathians.
Conclusions
We integrated biostratigraphy, magnetostratigraphy and 40 Ar/ 39 Ar radioisotopic analyses on a marl-dominated succession in Miocene Lake Popovac to improve the chronostratigraphic and paleoenvironmental interpretation for the SLS. The combined 40 Ar/ 39 Ar age of 14.40 Ȁ 0.01 Ma for tuff T1 and the 64-m long normal polarity interval result in correlation of the majority of the studied section to Chron C5ADn, with a maximum extent from 14.61 to 14.16 Ma. Astronomical tuning suggests insolation forcing with minima related to carbonate, a base of ~14.5 Ma for the section and a sedimentation rate of ~25 cm/kyr for the lower and 12 cm/kyr for the upper part of the section. The lowenergy paleoenvironment gradually changed from the profundal to deep-littoral zones to a more dynamic shallow-littoral zone. The onset of the most dynamic conditions in the Popovac section likely happened around 14.2 Ma. Terrestrial-lacustrine deposition in the Morava region must have ceased roughly before 13.8 Ma, which is the earliest possible moment that the area was flooded by the Central Paratethys Sea.
The late Langhian Popovac succession contains mollusks and ostracods similar to other Serbian lakes, but a lack of age data and continuous sections hampers a detailed regional correlation. Comparison with the well-dated Dinaride Lake System (DLS) shows that there is little overlap in time and faunal composition between the DLS and the SLS. The majority of the Dinaride lakes existed during the MCO, and disappeared before ~15.0 Ma. According to our age model, deposition in the SLS occurred after the MCO, and subsidence coincided with a peak of Pannonian-related tectonic extension in the southeastern Pannonian Basin and Peri-Pannonian realms. Our integrated dating study emphasizes the need of independent age constraints for isolated lake environments to better understand their regional tectonic and paleogeographic development.
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